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ABSTRACT 
 
 
Defrosting of domestic refrigerator evaporator coils is currently done with external 
electrical heaters of various designs using a combination of convection, radiation, and 
conduction. These designs put unnecessary heat into the refrigerators during the defrosting 
process and the heat must be taken out again by the compressor work. Radiation, which has a 
fundamentally different mechanism from conduction and convection, can have significant 
advantages over traditional defrosting methods since it doesn’t heat up the air inside evaporator.  
Defrosting experiments are done to find out the effectiveness of microwave defrosting in 
a commercial microwave oven. Frost is formed on the small aluminum evaporator with a 
controlled temperature and mass and thaws out in the microwave oven while measuring the 
defrosting conditions. Temperature and geometry of defrosting conditions are discussed by 
changing the frost temperature and magnetron positions to the evaporator. Later, Monte Carlo 
simulations are performed to find out the uniformity of defrost in a two-dimensional slot. 
Various incoming angles and surface conditions are compared to find out the best condition. The 
fundamental mechanisms of microwave oven defrosting and experiment results are presented in 
detail.  
 
  
 iii 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This thesis is dedicated to my beloved family for their limitless love, sacrifice, and support. 
Particularly to my father, who has been my lifetime advisor, for instilling the importance of 
education and for guiding me to achieve my dreams.  
 
  
 iv 
ACKNOWLEDGMENTS 
 
 First, I would like to thank my advisor, Professor M. Quinn. Brewster, who gave me a 
profound understanding on this work and financial support. I would not have finished my mater 
thesis without his patient and enthusiastic guidance. Whenever I had problems on my research, 
his sharp advice guided me to get on the right track to approach the problems. The experiences 
and knowledge that I have learned from him would help me set up a very strong foundation on 
my PHD research.  
 I appreciate my colleague Mr. Yun Jung, Ji in our group to give me a general guidance on 
my research and technical support. Encouragement from him was very important for me because 
his experiences gave me a general sense of research and helped me overcome my initial 
frustrations. I also want to give thanks to my parents who believed and supported me. Their 
unqualified encouragement and trust are the very important factor for me to continue my 
research and work.  
 
 
 
 
 
 v 
TABLE OF CONTENTS 
Chapter 1 Introduction and Literature Review ......................................................................... 1 
1.1 Traditional Defrosting Method ............................................................................................. 2 
1.2 Theoretical approach of microwave thawing ........................................................................ 9 
1.3 Research Objectives  ........................................................................................................... 16 
Chapter 2 Experimental Method and Results .......................................................................... 17 
2.1 Microwave Oven Background ............................................................................................ 17 
2.2 Experiment Procedure ......................................................................................................... 19 
2.3 Results and Discussion  ...................................................................................................... 23 
Chapter 3 Simulation and Result Discussion ........................................................................... 25 
3.1 Monte Carlo Simulation  ..................................................................................................... 25 
3.2 Other Simulation Condition Settings .................................................................................. 31 
3.3 Results and Discussion ....................................................................................................... 36 
Chapter 4 Conclusion and Future Work .................................................................................. 46 
REFERENCE ................................................................................................................................ 48 
 
 1 
CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW 
 
Defrosting of domestic refrigerator evaporator coils is currently done with external 
electrical heaters of various designs using a combination of convection, radiation, and 
conduction [1]. This method seems to put unnecessary excess heat put into the freezer and 
evaporator since the amount of heat used to increase the surrounding temperature should be 
taken out eventually, causing extra compressor work. The amount of time required to thaw the 
frost can affect the food quality in freezer because the increased temperature during the 
defrosting process can melt the parts of the food [2]. Repeating melting and thawing process in 
the food can significantly lower the quality of the food and cause hygiene problems. 
 Microwave thawing is faster than other methods and doesn’t raise the surrounding 
temperature as much [3]. However, the experiments using microwave on commercial evaporator 
to defrost is not studied yet due to the safety and unsure efficiency problems. This is because 
electromagnetic waves can generate sparks if there is a metal object present, depending on the 
geometry of the metal object.  Also, the microwave energy in micro-oven is not absorbed by 
frost formed on the evaporator very effectively because the dipoles in ice cannot follow an 
external field and convert electromagnetic energy to thermal energy as efficiently as they can in 
liquid water. However, it is still much quicker to defrost ice in a microwave than to leave it in air 
at room temperature [4]. Also, if the surface of the ice starts melting, the absorptivity on the 
surface would significantly increase, expediting defrosting process [5]. 
 Microwaves in a microwave oven are generated in a magnetron with a frequency of 2.45 
GHz. The optical constants of most metals give reflectivity, approaching 100 % at this frequency 
range. Efficiencies of microwave oven to heat up the food are around 80% and lifetime around 
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5000 hours [5]. For those reasons, utilizing microwaves for defrosting in freezer can have 
potential advantages over traditional methods such as Calrod, which is the kitchen oven type 
element [5]. 
 The objective of this research is to perform defrosting experiment with a commercial 
microwave oven and heat transfer modeling to study the effectiveness of microwave to melt the 
ice and time required for complete melting. The uniformity of melting process is studied because 
complete melting is always ideal and microwave defrosting produces significant non-uniformity 
of heating. This is because the non-uniform defrosting can block the airflow when the defrosting 
cycle repeats due to the accumulation of the frost on the less-defrosted surface. The governing 
energy equation is formulated with both experimental and theoretical methods. This method 
takes into account: 1) latent heat attended to the phase change; 2) radiative energy absorption 
distribution on the evaporator; 3) convective heat transfer between frost and ambient temperature.  
 
1.1 TRADITIONAL DEFROSTING METHOD 
 
 Current methods of defrosting refrigerator evaporator coils are primarily external to the 
coil and utilize electrical heater element [6]. Many of the haters being used are the Calrod type 
with a stainless steel tube heated internally by electrical resistance heating. The other common 
type is glass: a quartz tube heated by an internal filament surrounded by inert gas. Both of these 
heaters primarily rely on convective and radiative heat transfer to melt the ice. Glass type heaters 
utilize more radiative heat transfer than Calrod since the filament inside the glass tube is 
intrinsically operated at a higher temperature and radiate a high portion of its emitted photons 
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through the quartz envelope, which is transparent up to about 5 µm . Although some other types 
of heaters, which primarily depend upon conductive heat transfer, are often used to defrost, the 
convective-radiative Calrod and glass heaters dominate the market currently. Coil orientations in 
use today are largely divided into two groups: horizontal, such as might be found in a top-freezer 
configuration, and vertical, in a side-by-side configuration. In both configurations, air passes 
through the evaporator chamber to be cooled and be circulated by the fan. In any case, special 
variation of frost formation is inevitable. Frost buildup is heavier where the airflow enters the 
evaporator because local heat and mass transfer are higher where the temperature changes 
dramatically. In this sense, appropriate fin spaces should be adjusted to avoid the blockage by the 
frost grow. Pressure drop would be larger, thus more compressor work, and airflow would be 
interrupted if the frost buildup blocks the fin space. Nevertheless, the quantitative fin space 
distribution and mechanism were not well defined.  
 Aside from inserting the heating element to defrost, hot gas defrosting is also used in 
many industries [6].  Hot gas defrosting also utilizes convective heat transfer, but is different 
from the defrosting with heating elements in that it utilizes a compressed vapor directly in the 
evaporator as shown in Fig. 1.1. This method offers several advantages over the methods for the 
small refrigerator. First, a rapid defrosting is possible because the heat is added directly to the 
evaporator frost internally as shown in Fig. 1.2. In addition, complete melting is sometimes not 
required because the ice might drop off the evaporator surface before it thaws out completely. 
However, this rapid defrosting also has some weakness. Since this system requires the 
compressed vapor to be condensed in the evaporator, the hot gas condenses in the evaporator 
with some remaining as the defrosting processes, blocking the flow of the refrigerant. Another 
drawback is that this defrosting device solely depends upon high condenser pressures.  When the 
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pressure is not high enough, the compressed gas enters the condenser rather than the evaporator 
coil, causing little heat transfer. Many researchers have investigated the performance of hot gas 
defrosting systems extensively. J. Alberto Dopazo conducted an experiment with simulation to 
model this system [7]. In this reference, the time required to defrost, the temperature distribution 
during the defrost process, and the instantaneous refrigerant properties were investigated. In this 
model, the portion of the energy used to thaw the frost tended to increase as the mass flow of the 
refrigerant increased. Jiankai Dong investigated the defrosting efficiency of the reversed cycle 
defrosting [1]. The maximum defrosting efficiency was up to 60.1 %. In this paper, he 
experimented the reversed defrosting cycle in a space heating air source heat pump (ASHP) unit 
through his experiment set up as shown in Fig.1.3. The chamber was placed inside a large indoor 
space where main heat was provided. The environmental chamber surrounded the outdoor coil of 
the experimental ASHP unit.  
 Electric defrost is generally applicable to low temperature refrigerators although it is 
sometimes used in meat and dairy products to give a fast defrost period [6]. Contrary to the hot 
gas defrosting system, electric defrost systems mostly have external heating system. Because of 
safety issues and this external heating system, the electric defrost requires a longer period to 
defrost than it is required for the hot gas defrost. However, the new systems, which also use the 
internal heating, are developed to give rapid defrost. Most freezer evaporators with electric 
defrost have a small design in which freezer does not need to have a fan to help the flow of the 
air and heat transfer. For medium temperature defrosting, although the coils accumulate more 
frost, the required time for defrosting is usually shorter because of the hotter surface of the metal 
at the time defrosting is instigated. The time for defrosting is normally 15 minutes and defrosting 
occurs two to three times per day. Fig. 1.4 shows a cross section of a general self-service frozen 
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food case with location of fan, evaporator, drain, and electric heater. Fig. 1.5 represents a 
temperature vs. time graph of a Fig. 1.4. The thermocouples measured the temperature of the 
outer surface of the evaporator and the water in the drain cup. The drain cup is where the melted 
water reached. Any electric defrost system should have a time clock which turns on the electric 
heater, stops the compressor, and stops the evaporator fan. The control may be one of three ways: 
(1) timer control; (2) pressure control; (3) temperature control.  
 An important factor for achieving minimum defrost heating is how to distribute the heat 
spatially to match the frost buildup on the evaporator, which is optimally relatively uniform. To 
achieve this, the fundamental relationships and trade-offs for convection and radiation are 
required. If the knowledge is sufficient, spatial distribution of fins can be tailed to the optimum. 
Not only for that, convection is also dependent on airflow patterns, which can be an advantage or 
not. For instance, if a partial shroud can be used without interacting with normal evaporator fan 
airflow, warm-air movement during defrost can be somewhat directed. For radiation, directing 
airflow is analogous to directing the photons with appropriate geometry and radiation shield.  
 Aside from these differences, there is an important difference that offers a possible 
advantage for radiation. If the metal and water are at the same temperature, the fundamental 
mechanisms for convection to warm up the air are the same. However, the radiation can be 
selective, depending on the metal surface and material. Specifically, mid-infrared radiation is 
efficiently absorbed by ice but not by metal surfaces. This difference can be highly advantageous 
in that the energy can be selectively put into the ice, not into the air.  
At the end of our research, the microwave defrosting method will be compare to the 
traditional defrosting method. Even though the efficiency is not our sole concern as defrosting 
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time and uniform defrosting are also very important, our main goal is to reduce the amount of 
energy spent to defrost. 
 
Fig. 1.1 Hot gas defrost using a heat bank. [6] 
 
Fig. 1.2 Hot gas defrost using a re-evaporator. [6] 
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Fig. 1.3 The schematics of reversed hot gas defrosting. [1] 
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Fig. 1.4 Cross section of an electric heater.[6] 
 
 
Fig. 1.5 Temperature vs time in a electric heating system  
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1.2 THEORETICAL APPROACH OF MICROWAVE THAWING 
 Many researchers have investigated a study of microwave defrosting process. Pangrle et 
al. developed an one-dimensional model for microwave defrosting process of cylindrical samples 
[8].  
 P. Rattanadecho investigated the thawing process in microwave oven with microwave 
energy (2.45 GHz) theoretically and experimentally [9]. In this reference, it is assumed that the 
microwave field is a planar wave propagating on an infinite test section in the microwave oven 
as shown in Fig. 1.6. To give qualitative expression of this uncommon phase transition radiation, 
P. Rattanadecho started from the basic relationship, 
  P = 2π f ε0εr tanδE
2  (1.2.1) 
The well-known Maxwell relations are based on the electromagnetic field, 
 
 
∂2 E
∂x2
=σµ
∂E
∂t
+εµ
∂2 E
∂t2
 (1.2.2) 
 
 
∂2 H
∂x2
=σµ
∂H
∂t
+εµ
∂2 H
∂t2
 (1.2.3) 
where  
  E = Eoe
jωt−γx , H = H0 = e
jωt−γx  (1.2.4) 
The propagating constant γ  can be expressed as a complex quantity, 
  γ = j ω
2µε − jωmσ =α + jβ  (1.2.5) 
where the constants α  and β  are related to the dielectric properties of substances, 
 
 
α =ω εµ
2
( σ
2
ω2ε2
+1−1  (1.2.6) 
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β =ω εµ
2
( σ
2
ω2ε2
+1+1  (1.2.7) 
 
Zeng and Faghri studied two-dimensional microwave thawing in cylinders for the first 
time and compared the results with experimental data [10]. Later, the two-dimensional 
microwave thawing with fixed grid based effective heat capacity method was carried out by 
Basak and Ayyapa [11]. The main purpose of their article was to take the effect of liquid 
convection during the defrosting process.  
During thawing, analytical models must take the position of the liquid phase into account 
since a phase is continuously changing and moving and the microwave absorption is strongly 
dependent on phase. When frost melts on the evaporator, thawing occurs over an extended 
temperature range, resulting in a mixed region of frost and liquid referred to as the mushy zone 
(See Fig. 1.7). However, thawing process of coexisting regions is intensely more challenging due 
to the presence of the moving boundary condition, which causes the temperature variation with 
time and total microwave energy absorbed within the sample.  The various effects are still not 
fully solved analytically and many problems remain unresolved. P. Rattanadecho studied a 
thawing process with layered samples inside microwave oven [9]. This work compared one-
dimensional model with experimental measurements with the 2.45 GHz microwave frequency. It 
is generally referred that the techniques used to analyze the defrosting of substances with a fixed 
melting point as temperature method and techniques for materials over a range of temperatures 
as enthalpy of effective heat transfer methods. 
 In the temperature method, the coupling effects with the Stefan or interface condition are 
considered to involve the latent heat of melting and the velocity of the front in energy balance 
equation. This is the most common method to analyze phase change in pure materials. Not only 
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is this an approximate analysis for substances that melt over a temperature range, it is 
considerably cumbersome to keep track of the moving boundary interface. Nonetheless, 
temperature method was widely used on a number of earlier works on microwave thawing.  
 Taoukis et al. analyzed microwave thawing of frozen samples by the isotherm migration 
method, assuming that the phase change occurs at a fixed melting point [12]. To describe the 
absorbed microwave energy, Lambert’s law was applied to assume that the microwave power 
decays exponentially into the sample. The entire region was turned mushy and stayed at the 
melting temperature when the average temperature in the frozen state reached the melting 
temperature. An additional energy balance equation was solved to determine the changing 
fraction of the mushy zone.  
 The enthalpy method is generally used to analyze a sample with the temperature variation 
over the region. Voller et al. reviewed a number of literature on the subject [13]. The enthalpy 
method is advantageous in that the same energy equation is used for the entire region, a uniform 
mesh is applied, and interface tracking is omitted. In the enthalpy method a single energy 
balance equation governs the enthalpy formation [11],  
 
 
∂h
∂t
=∇⋅ keff ∇T + p(T )  (1.2.8) 
The specific enthalpy  H (J ⋅m
−3)  is formulated at a given location, 
 
 
H (T ) = (1−φl ) ρCs(α)dαTo
T∫ +φl ρCsTo
Ti∫ (α)+ ρλ + ρClTi
T∫ (α)dα
'
()
*
+,
 (1.2.9) 
where  Ci  and  Cs  are the heat capacities of the liquid and solid state respectively,  To  is referred 
to a reference temperature,  Ti  is the initial temperature at melting, and  φl is the liquid volume 
fraction, which is also a function of the temperature at a specific location.  
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The effective heat capacity involves the latent heat and the local state of the substance is 
determined by the equilibrium relationship. Since microwave can penetrate the substance during 
the thawing process, a phase change can occur at any local point. The enthalpy method is very 
useful in this situation. In the effective heat capacity method, a single dependent variable T 
governs the energy balance,  
 
 
Ceff
∂T
∂t
=∇⋅ keff ∇T + P(T )  (1.2.10) 
Where the effective heat capacity is expressed as 
 
 
Ceff =
dH
dT
=
dφl
dT
ρCs(Ti −T )+ ρλ + ρCi(T −Ti )%& '(+ (1−φl )ρCs +φlρCl  (1.2.11) 
 
 A Lambert’s law with microwave thawing has been applied in a few studies. Coleman 
observed temperature variation of the superheating region and applied the enthalpy method to 
solve this problem[14].  Zeng and Faghri investigated the thawing of tylose using the Lambert’s 
law formulation of the microwave energy with the effective heat capacity method [10]. They 
observed that the temperatures predicted by the model at the end of process were lower than 
experimental results.  
 Khomgris Chaiyo investigated a numerical analysis of microwave melting of ice-
saturated porous medium filled in a rectangular waveguide with resonator using a combined 
transfinite interpolation and PDE methods [15]. The electromagnetic field is solved by the theory 
of Maxell’s equation. However, a fundamental  TE10 mode is considered. Therefore, the basic 
Maxwell’s equations are modified into, 
 
 
∂Ey
∂Z
= µ
∂Hx
∂t
 (1.2.12) 
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∂Ey
∂x
= −µ
∂Hz
∂t
 (1.2.13) 
 
 
−(∂Hz
∂x
−
∂Hx
∂Z
) =σ Ey +ε
∂Ey
∂t
 (1.2.14) 
where  ε = ε0εr , µ = µoµ , and  σ = 2π f ε tanδ . 
This two-dimensional analysis is based on the following assumptions.  
(1) A two-dimensional model over the x-z plane can be applied to analysis of a rectangular 
wave-guide since there is no variation of field in the direction between the broad faces.  
(2) The rectangular waveguide is a perfect reflector and the absorption of microwave energy 
by the cavity is negligible.  
(3) The walls of a waveguide are perfect conductors.  
(4) The effect of other potential substances in the field can be ignored.  
 
Microwaves are a part of the electromagnetic spectrum. Microwaves generate heat in 
dielectric materials such as water or foods thorough molecular frictions that are generated via 
dipole rotation as shown in Fig.1.8. The international conventions of the microwave ovens have 
the frequencies about 2.45 GHZ, i.e. λ = 12.23cm. The refractive index of many metals gives 
reflectivity close to 100% around this frequency. In a microwave oven, the electrically dipolar 
water molecules absorb the most of the microwave energy. However, in ice, the molecules of 
are held in a crystal lattice in fixed positions. As a result, liquid water is much more 
efficient at converting ordered (EM) energy to disordered (thermal) energy than ice molecules as 
shown in Fig. 1.9. But, it is still much quicker to defrost ice in a microwave than to leave it in air 
and once the defrosting is initiated and some ice molecules turn to water, the defrosting process 
is expedited exponentially.  
H2O
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Fig 1.6 Physical model of planar wave. [9] 
 
Fig 1.7 Liquid, solid and mushy regions in a partially thawed sample. [11] 
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Fig 1.8 Dipole Rotation to electromagnetic spectrum. 
 
 
Fig 1.9 Thermal and dielectric properties of the liquid water and ice. [9] 
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1.3 RESEARCH OBJECTIVES  
The main purpose of this experiment is to find out whether microwave radiation is an 
effective source to thaw the frozen evaporator. A lot of defrosting experiments with frozen food 
have been done, but there are few studies about evaporator defrosting because aluminum 
evaporator is almost perfect reflector, so there is no material to absorb the microwave power 
while the water is still frozen. This is important because the dipole moment of the ice is much 
less than the liquid water, which makes it difficult for frost to absorb the microwave power. 
Thus, the effectiveness of microwave defrosting is our major concern. Also, since uniform 
defrosting is one of our concerns, the effects of the position of the magnetron to the evaporator 
are studied. This is experimented by changing the position of the evaporator in the chamber. 
Also, the average microwave power absorbed by a dielectric strongly depends on a temperature. 
Therefore the defrosting speed on the evaporator may also depend on its starting temperature. 
Thus, two kinds of initial temperatures of frost are tested. 
In addition, we will investigate uniform defrosting analytically. Since complete ice 
melting on the evaporator is ideal, an appropriate fin configuration to achieve uniform defrosting 
will be investigated. First, we use the Monte Carlo method to simulate photon absorption in a fin 
configuration. A photon is released and tracked down until either it is absorbed or escapes from 
slot. The number of absorbed photons is counted and divided by the number of emitted photons. 
A number of photons are released until a reasonable small deviation is achieved. Because of 
strong photon density around entrance, the non-dimensional heat flux is very high in the first 
section and exponentially decreases at it proceeds.  
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CHAPTER 2 EXPERIMENTAL METHOD AND RESULTS  
2.1 MICROWAVE OVEN BACKGROUND 
 A magnetron generates microwaves into the cooking chamber. The chamber has metallic 
walls and reflects almost all microwaves when they hit the walls. The front door is covered by 
metal grids, which are also perfect reflector for microwaves. These metallic grids allow us to see 
though the front door while it is operating, preventing microwaves escape from the chamber. 
Most microwave ovens have a rotating table on it, but it is removed for our experiment to control 
the other variables more easily. This reflecting behavior acts similarly to visible light hitting a 
silver mirror [4]. Macroscopically, this behavior is explained by the complex dielectric constant
 ε(ω) , which is the square of the complex refractive index  (ε1+ιε2) = (n1+ιn2)
2 . Many metals 
have the refractivity close to 100% at low frequencies. Magnetrons generate microwave 
frequencies between 1 and 40 GHz.  
A magnetron can be divided into several parts as shown in Fig. 2.2. A cylinder cathode is 
at the center. There are a number of cavities designed to resonate at 2.45 GHz inside the anode. 
Several kilo volt voltages are applied between the electrodes and the magnetic field is applied 
parallel to the axis. Thus, electric and magnetic fields are always perpendicular to each other. 
Electrons are accelerated at first after ejection, but they start to follow rotational paths because of 
the magnetic field. If the magnetic field is too strong, the electrons will circulate the rotating path 
and cannot reach the anode. Typical microwave ovens for domestic use generate emit 
microwaves at 2.45GHz. 
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Fig. 2.1 Schematic diagram of a typical microwave oven. [4] 
 
 
 Figure 2.2 Schematic diagram of a magnetron. [4] 
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2.2 EXPERIMENT PROCEDURE 
Frost Formation 
 Frost is formed on the evaporator with the liquid nitrogen. Although the temperature of 
the evaporator surface can affect the frost density, our major concern is how effective the 
microwave is to thaw out the frost. Thus, the temperature of the evaporator while forming the 
frost is not fully controlled although it is maintained between -50 Celsius to -20 Celsius, which is 
a typical operation condition for household refrigerator. Fig. 2.3 shows the experimental frost 
forming system. A small aluminum evaporator was modified to give a performance of a small 
domestic refrigerator. Liquid nitrogen is poured through the funnel to the evaporator inlet with 
inner diameter of 9.5 mm and height of 230 mm. Temperature is measured with thermocouples 
and maintained within the range. To expedite the frost forming, commercial humidifier was set 
up to give off the water vapor. The mass of the frost is measured as the frost grows on the 
evaporator while fan is operated to help the air flow.  
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Fig 2.3 Schematic view of the experiment setup for frost formation. 
Defrosting with Microwave Oven 
Fig. 2.4 shows that the photons are emitted from the right side and escaped on the left 
side. The photons are reflected inside the chamber until they escape on the exit unless they are 
absorbed on the frost. Three different locations of the evaporator are tested with a certain initial 
temperature (-10C and -20C) and frost mass (35 g and 70 g) as shown in  Fig. 2.5 and 2.6. Also, 
the aluminum sheet is inserted inside to get more photons absorbed on the evaporator as shown 
in Fig. 2.7. Since the absorption coefficient for water molecule is three to four orders of 
magnitude higher than that of ice, the small amount of sprayed water right before defrosting 
might be able to reduce a substantial time for defrosting. Thus, three grams of water vapor is 
dripped onto the frost by spray bottle right before defrosting. Similarly, if other substance with 
high microwave absorption rate exists in the chamber, it will affect the defrosting speed. To find 
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out this, a cup of water is placed in the chamber. The photo of processes is taken every 30 second 
to observe the frost shape and melting speed. In this work, the physical phenomena, which were 
not considered by the measurements, are given as follows.  
1) The first time lag, which is from the time the evaporator is taken out of the frost 
forming box and put into the microwave oven, is not considered in the time. These 
total time lags are about from 10 to 30 s in the four measurements. In these time lags, 
thermal diffusion, convection, and radiation, which were not considered in the 
calculation, occur on the heated material. 
2) The second one, which is from the time that the microwave oven door is opened and 
to the time to be closed to take a picture, is not considered. These total time lags are 
about from 10 to 30 s in the measurements.  In these time lags, thermal diffusion, 
convection and radiation, which were not considered in the measurements, occur on 
the evaporator surface.  
 
 
Fig 2.4 The first position of the evaporator while defrosting 
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Fig 2.5 The second position of the evaporator while defrosting 
 
Fig 2.6 The third position of the evaporator while defrosting 
 
Fig. 2.7 Defrosting with a metal sheet radiation guide.  
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2.3 RESULTS AND DISCUSSION  
In all cases, microwave defrosting was very fast and stable compared to the traditional methods. 
Fig 2.8 shows that the position of the evaporator in the chamber had little to do with defrosting 
time and uniform melting. Also, the ten Celsius initial temperature difference in frost didn’t 
show an observable improvement in the melting time as it is shown in Fig 2.8. This is because 
the heat required for latent heat for defrosting is significantly higher that the sensible heat which 
is required to increase the ice temperature to 0 C. However, the chamber volume expedited the 
defrosting time slightly. This is because more photons are bounced back around the evaporator, 
increasing the chance to be absorbed. The small amount of water dripped onto the evaporator can 
make the defrosting process noticeably fast. The much higher dielectric constant of water vapor 
can absorb the microwave power more efficiently than ice lattice so that it makes a huge 
difference in a defrosting time. Fig 2.9 shows that defrost time is proportional to frost mass. The 
other substances, which can absorb microwaves, do have an effect on defrosting time as one can 
easily expect. This is because the bulk water simply takes away some of the available energy.  
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Fig 2.8 Defrosting test with 70g frost. 
 
Fig. 2.9 Defrosting test with 35g frost
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CHAPTER 3 SIMULATION AND RESULT DISCUSSION 
3.1 MONTE CARLO SIMULATION  
 Radiative heat transfer with a nonparticipating gas can be simulated by the Monte Carlo 
analysis[16]. A photon is assumed to have a discrete value of energy and a bundle of photons are 
emitted from the source. To make sure a correct balance of energy transfer, it is crucial to build 
up a consistent and valid relationship between the source and absorber in the chamber. The 
equation for net radiative power from each surface into the chamber is the starting point for 
defining this relation ship.  
 
 
qiAi =εiebi
Ai −αiqi
−Ai   (3.1.1)	  
The power absorbed by the surface αiqi−Ai  is represented on a discrete basis as 
 
 
  αiqi
−Ai = wSi  (3.1.2) 
where ω is the energy per bundle and   Si  is the number of bundles absorbed by surface  Ai . By 
combining two equations   
 
 
qi Ai = εiebi Ai − wSi  (3.1.3) 
 
where w is the energy per bundle and defined as  
 
 
w=
εiebI Ai
Ni
=
εiebi A1
N1
= constant  (3.1.4) 
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The energy per bundle is defined as constant for all of the bundles regardless of the surface they 
are emitted from. Thus, the more emissive power of the surface means the more number of 
bundles. At least one surface should have the prescribed temperature  T1  so that it can be used as 
a reference temperature. To achieve the desired statistical accuracy, the number of bundles to be 
emitted from each surface should be large enough to minimize the statistical variation. Later, the 
energy per bundle can be determined by Eq. (3.1.4). If the temperature of the surface is known, 
the solution approach can be simplified. Once reasonable number of photons is emitted from 
each surface, each bundle can be tracked down until it is absorbed in the enclosed chamber. The 
unknown heat transfer rate is calculated from Eq. (3.1.3) after the number of bundles to be 
absorbed is counted.  
 
Algorithm to Track Bundles 
The following procedures are the steps for Monte Carlo simulation 
1. Choose a random location on the emissive surface by generating a random number 
2. Choose the direction of propagation of the bundle 
3. Calculate the new location of the bundle from the direction 
4. Decide if the bundle is absorbed or reflected at the intersection  
5. If the bundle is absorbed, add the score and go to step 1 
6. If the bundle is reflected, go to the step 2 
7. Repeat steps 1 to 6 for large number of bundles 
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Choose a Location on the Surface for a bundle of photon 
 Probability laws and its cumulative density function can determine the specific location 
on a surface. The probability of emission from a differential area  dA  into a small solid angle 
 dΩ = sinθdθdφ in a small wavelength interval  dλ  is the ratio of the emitted power from  dA  
into the  dΩ,dλ  intervals divided by the total power emitted from  A  into all solid angles at all 
wavelengths.  
 
 
P(λ,θ ,φ ,r) = dθdφdλdr =
Kaλ Ibλ cosθ sinθdθdλdV
Kaλ Ibλ cosθ sinθ dθ dλ dV0
π /2∫0
2π∫0
∞∫v∫
 (3.1.5) 
Where  P(λ,θ ,φ ,r)  is probability distribution function,  
Kaλ  is a special absorption coefficient, 
and 
 
Ibλ  is black body radiation intensity. The probability of emission from  dV  at any 
wavelength and in any direction can be calculated by integrating Eq.(3.1.5) over the subset 
volume  ∂V , 
 
 
R(r) = P(r)dr = ∂V
V
∂V
∫  (3.1.6) 
This equation is intuitively reasonable since the value is from 0 to1, which is the definition of the 
probability. To decide the appropriate random location, a value from 0 to 1 can be chosen 
randomly.  
 
Choose the Wavelength of the Bundle if the Enclosure Properties are Nongray 
 The same principle can be applied to choose a wavelength since the idea is analogous to 
it. The probability of emission in the interval  dλ  is the ration of the spectral power in all 
directions to the total emission in all directions.  
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Probability of emission in dλ = power emitted in dλ
total power emitted
 
which can be expressed as, 
 
 
p(λ)dλ =
Kaλ ebλ
Kempeb
dλ  (3.1.7) 
where 
 
ebλ is the spectral blackbody radiation flux and  
Kemp is the Planck mean emission 
coefficient defined as,  
 
 
Kemp = Kaλ df (λT )0
1∫  (3.1.8) 
where  df (λT )  is the external fractional function. For the given wavelength, the cumulative 
density function can be expressed as,  
 
 
R(λ) = P(λ '
0
λ∫ )dλ ' = 1Kemp
Kaλ df (λ
'
0
f (λT )∫ T )  (3.1.9) 
In this work, the wavelength region is restricted to 2.45 GHz  since this is the wavelength for 
commercial microwave oven. However, the experiment will be expended to include radio-
frequency wavelength to cover the spectral effect on defrosting.  
 
Choose a propagation direction of the bundle 
The probability of emission into a particular direction can be found by choosing the direction of 
emission from a given differential area  dA . With two angles selected, polar angle θ  and 
azimuthal angle φ , the probability of emission into  dθ  is defined as, 
 
 
Probability of emission into dθ =  power emitted into dθ
total power emitted
 
This probability can be simplified by assuming azimuthally symmetric scattering, 
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P(θ p )dθ p =
1
2
p(θP )sinθ pdθ p  (3.1.10) 
where 
 
θ p  is out-scattering direction,  
p(θ p ) is the phase function. The cumulative density 
function 
 
R(θ p )  is expressed as,  
 
 
R(θ p ) = P(θ
'
P )dθ
'
P0
θ p∫  (3.1.11) 
This equation also can be simplified by assuming symmetric scattering as,  
 
 
R(φp ) =
φp
2π
 (3.1.12) 
Here 
 
R(φp )  is the random number generated by a program. When a number is generated, the 
angles of propagation can be determined from Eq.(3.1.11) and Eq. (3.1.12).  
	  
Decide whether the bundle is absorbed or reflected at the new location 
 When a photon hits a surface of the chamber, the photon will be either absorbed or 
reflected. A random number is generated compared with a known material absorptivity to do 
this. For the gray material, the decision can be made without a directional property as, 
  α < R(reflected)  (3.1.13) 
  α > R(absorbed)  (3.1.14) 
If the bundle is reflected, a new direction is obtained by Eq. (3.1.11) and Eq. (3.1.12) and a new 
location will be calculated based on the chamber geometry. A flow char for this Monte Carlo 
simulation is shown in Fig. 3.1.1 
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Fig 3.1 Monte Carlo flow chart for a diffuse emitter. 
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3.2 OTHER SIMULATION CONDITION SETTINGS 
Diffuse and Directional Emitter 
 Two types of emitter, diffuse and directional source, are compared. While diffuse emitter 
might be an imaginary condition, a directional emitter is often characterized in many cases. A 
typical household refrigerator has fairly narrow fin spaces compared to its width and length. 
Within a fin space, the angular variation of the microwave is very small. Thus, it is valid to 
assume that the incoming angle of the microwave in a fin space is constant. Also, one directional 
radiation in each fin space is supposed. These assumptions are quite valid since the length of 
each fin is a lot longer than its width and the fin space is narrow enough to have one directional 
radiation in between each space as shown in Fig. 3.2. In addition, radiation source has a long 
length compared to its height. Long LED lamp or electric wire is a good example of this heat 
source. Then, horizontal variation is negligible compared to vertical direction. Fig. 3.3 shows 
that the incoming angle is defined as the angle between incoming direction and horizontal side of 
the slot. The horizontal side of the slot is divided into many parts to observe the uniformity of the 
microwave absorption as shown in Fig. 3.3.  
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Fig 3.2 Front and side view of evaporator. 
 
 
Fig. 3.3 Incident angle of radiation and divided section of the slot 
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Diffuse and Specular Reflection 
Microwaves have a visible long wavelength compared to the visible light and the 
roughness of the smooth surface. When a visible light with a short wavelength range hits the 
rough surface, the incoming angle can go to all directions depending on the surface conditions as 
shown in Fig. 3.4. Thus, it is appropriate to assume the diffuse reflection in visible frequency 
range. However, if the wavelength of the photon is very long compared to the surface roughness, 
the direction of the photon is not distorted much. Therefore, the incoming angle is same as the 
reflected angle. The surface of the aluminum evaporator is smooth compared to 12.3 cm of the 
wavelength of the microwave, so the specular reflection is expected. First, the diffuse radiation 
assumption is applied. A photon is emitted at a random spot and random direction. When the 
photon hits the aluminum surface in the slot, the direction of the photon is decided according to 
the surface condition. In the diffuse reflector case, the direction of the reflected photon is 
random. In the specular reflector, the direction of the photon is decided from geometry, and 
incoming angle of the photon is assumed to be same as the outgoing angle as shown in Fig. 3.4. 
A directional radiation is also calculated on both diffuse and specular reflection. The geometry of 
the slot also can affect the absorption rate along with the surface property. Thus, open slot heat 
transfer is also simulated in both cases as shown in Fig. 3.5. The slot is divide into 10 sections 
and each part is observed. The absorptivity of the surface is set to 0.25 and the length of the slot 
is 10 times longer than its width W. 
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Fig. 3.4 Diffuse Reflection vs Specular Reflection with Diffuse Emitter. 
 
Fig. 3.5 Directional Radiation with Diffuse and Specular Reflector. 
 
2D vs 3D Analysis 
 Simulation is mostly conducted with two-dimensional assumption. However, the validity 
of this assumption is reconsidered since the absorption rate for 2D assumption is always higher 
than 3D. This is important because a lot of complex computes can be reduced to 2D so that 
tedious simulation time can be reduced. Also, the effective width to length ration for the fins is 
considered.  
 Once a photon is emitted from a source, it will travel the slot until it is either absorbed or 
escapes from the slot. The previous assumption was the width of the slot (x2 direction) is 
relatively very large compared to x3 and x1 directions, the number of photons escaping from x2 
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direction is relatively small compared to x3 direction as it is shown in Fig. 3.6. However, the 
validity of this assumption should be considered because the non-uniform absorption can always 
occur near the edges. Also, the total absorption rate might be different significantly, depending 
on the length to width ratio. The effective length to the width is investigated along with the 2D 
analysis. 
 
Fig. 3.6 Diffuse Reflection vs Specular Reflection with Diffuse Emitter. 
 
A surface is divided into many pieces and each small surface has its own position as 
shown in Fig. 3.7. When a photon hits the surface, the number of absorbed photon is counted. 
Uniform radiation source and uniform reflection condition are assumed for 2D and 3D, and the 
results will be compared until the valid 2D analysis is found. The graph for 3D and 2D analysis 
will be compared to find out the absorbed photon distribution. The ratio of L to height (W1) will 
be fixed to 10 in all calculations and the absorptivity of the surface is fixed to 0.25. 
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Fig. 3.7 Divided parts in open slot. 
3.3 RESULTS AND DISCUSSION  
Directional vs Diffuse Emitter 
The uniformity of absorption increases as the incident angle decreases. This is because more and 
more photons can reach the end of the slot as the incident angle decreases. Fig. 3.8 shows that 
this trend is same in an open slot. However, Fig. 3.9 proves the total abortion rate in an open slot 
decreases around 10 degrees while the blocked slot shows continuous increase in absorption.  
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Fig. 3.8 The absorption variations in blocked and open slot. 
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Fig. 3.9 Total absorption changes in an open and blocked slot at different angles.  
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photon can escape immediately in diffuse reflector. This phenomenon also increases possibility 
for a photon to travel further inside the slot, increasing the uniformity of heat transfer. 
Directional radiation shows dramatic differences with an incoming angle. Fig. 3.11 shows that 
the absorptivity decreases as the incoming angle decreases in a specular reflection slot. The 
reason is a photon travels further when it hits the surface when the angle is low, thus, it escapes 
to the other side. Fig. 3.12 shows that this trend is same in the blocked slot case. Although the 
blockage can slight increase the number of collides of the photo, the number still gets very small 
when the incoming angle is low. If the ending of the slot is open, the trend is also similar even in 
the case of diffuse reflector as shown in Fig. 3.13. This is because most of the photons just 
escape to the other side before its first collision to the wall. However, if the ending is blocked, it 
shows a noticeable difference at low angles as it is shown in Fig. 3.14. The absorption rate shows 
a continuous increase, as the incoming angle gets lower since the photon hits the wall at least 
once. When the angle is very low in the case of 5 degrees, most photons hit the blockage so that 
the absorption rate is very high around the ending of the slow. Total absorption rate shows in 
Fig. 3.15 that a different trend with different incoming angles between specular and diffuse 
reflector. When the angle is high, the specular angle is still superior. However, as the angle gets 
smaller and more parallel to the aluminum surface, more number of photons escapes at the end 
of open slot, so the less absorption is resulted. If the end of the slot is blocked, the photon, which 
hits the blocking wall, will be reflected diffusely in diffuse reflector while they will bounce back 
off the slot in specular surface. Thus, the absorption rate is much higher in diffuse reflector case 
at the low angle. 
 40 
 
 
Fig. 3.10 Heat absorption distribution in specular and diffuse slot with diffuse radiation.  
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Fig. 3.11 Absorption variation along the length in an open slot with specular reflection. 
 
Fig. 3.12 Absorption variation along the length in a blocked slot with specular reflection. 
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Fig. 3.13 Absorption variation along the length in an open slot with diffuse reflection. 
 
Fig. 3.14 Absorption variation along the length in a blocked slot with diffuse reflection. 
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Fig. 3.15 Total Absorption Rate with a Different Incoming Angle. 
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the width of the slot is very small compared to the length. Since the actual evaporator for 
W2//W1 is usually more than 200, the total absorption rate in 3D would be almost same as in 2D 
simulation. The non-uniform absorption around the edges was negligible in a realistic situation. 
Even though the total absorption rate in 2D case is always higher than 3D analysis, the difference 
is so small when width is sufficient longer than the length that 2D approach is valid. The result 
will significantly reduce the simulation computing when the frost property and scattering effects 
are considered. 
 
Fig. 3.16 The result of Monte Carlo method in 3 dimensional slots. 
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Fig. 3.18 The validity of 2D approach in 3D slot 
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CHAPTER 4 CONCLUSION AND FUTURE WORK 
Monte Carlo method was used to investigate the uniform heat absorption on evaporator. 
Because of the diffuse emitter assumption, nondimensional heat transfer decreases dramatically 
as the slot gets deeper. This will result in non-uniform melting, which is undesirable. Combining 
appropriate fin space and directional behavior of the emitter, it is hoped that more uniform heat 
absorption can be achieved.  
In addition, computer simulation was used to investigate the effects of non-diffuse 
radiation on uniform absorption. Non-uniform radiation with small fin spaces increased both 
total absorption ratio and uniformity. Total heat transfer rate and uniformity of absorption in a 
blocked slot were much higher then an open slot in non-diffuse radiation.  Combining 
appropriate fin space and geometry of radiation source, both improved heat transfer rate and 
uniform absorption can be achieved.  
For the experiment, microwave oven was used to investigate the defrosting capacity on 
the evaporator. The speed of defrosting was very effective and the time required for complete 
defrosting didn’t vary much in the same condition. The position of magnetron relative to an 
evaporator could not affect the uniformity of melting. A small frost temperature difference had 
little to do with a frosting time. The initial water content on frost, the water dripped onto the 
evaporator in this case, could significantly expedite a defrosting process. The amount of water 
molecules in the chamber increased the thawing time, therefore, potential substances should be 
taken into account for energy balances in the future work.  
The directional surface property was applied to find out the uniformity of absorption and 
total absorption rate. When the diffuse radiation source was applied, the specular reflector was 
superior to diffuse reflector in both the uniformity and heat absorption. However, if the radiation 
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source is far from the slot, the directional radiation should be applied. Then, diffuse reflector has 
better absorption rate at the low angle whereas the specular reflector is still much better at the 
high angles. In general application, directional radiation with specular reflector assumption 
would be more valid in many cases. 
 Although several advantages with microwave defrosting have been proven, a lot of work 
should be done to acquire detailed comprehension of this application.  
1. Comprehensive mathematical models encompassing the frozen evaporator  
2. Experiments with many temperature and power conditions to maximize the defrosting 
efficiency 
3. Different defrosting conditions with a variety of radiation source 
 
Although a lot of techniques are introduced in the earlier chapters, the comprehensive math 
model for an evaporator has never been done. It is more complicated to predict the evaporator 
response since its geometry is a lot more intricate than just a slab or a cylinder. However, a 
realistic simplification will be made to match the experimental data and theoretical value. The 
major focus of the future work will be concentrated on the defrosting efficiency and speed. Since 
dielectric properties of water are closely related to the temperature and interacting wavelength, a 
sophisticated temperature control and measuring equipment will be devised. It is anticipated that 
a better understanding of microwave defrosting and more efficient and fast defrosting method 
will be developed.  
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